INTRODUCTION
I was asked by the conference organizers to present the experimental status of fusion-fission and fusion-evaporation phenomena, with special emphasis on the role of angular moment-. This scope is obviously too vast to be covered in full, and I have therefore found it necessary to concentrate on only a few topics of current interest. Consequently, this is not intended to be a comprehensive review of this field of research, and much material that would naturally fall under the title of this talk has not been included. Furthermore, some of the points that I make are illustrated with examples with which I am most familiar: when often other cases would have served equally well.
Heavy-ion-induced reactions increased greatly in popularity about ten years ago. At that time efforts were concentrated on the elucidation of deeply inelastic collisions, and our understanding of fusion reactions was not questioned. It was assumed that for any given system the fusion cross section could be obtained by measuring the sum of the fission cross section, of, and the cross section for evaporation residues, eR. It was also taken for granted that both evaporation residues, ER, and fission fragments result from the deexcitation of compound nuclei and that the compound nuclei are formed in collisions that involve the lowest partial waves ( Fig. 1.a) . One of the first modifications of this point of view came when it was realized that fission cross sections for several heavy systems indicate the contribution of partial waves, that exceed the liquid-dr~p limit at which the fission'barrier, Bf, is predicted to vanish.' This raised the'possibility that some of the fission yield in such caseLs.may not be due to the fission of compound heavy-ion-induced fission. Of these, only one mechanism is compound nucleus fission, CNF,~'~ and while the other may also be regarded as fusionfission, FF, its nature is not as yet fully understood (see Fig. 1 .b). Second, there is a large amount of evidence that many ER do not result from the deexcitation of compound nuclei, but rather from the deexcitation of products of partial fusion4" (Fig. 1.c) . In view of these complications, a large part of this paper deals with questions regarding the identity of fusion reactions. Following this intfoductory section, the various types of heavy-ion-induced fission will be discussed in Section 2. In Section 3 compound nucleus fission will be considered, with reference to fission barriers deduced from heavy-ion-induced fission. In Section 4 we will concentrate on problems associated with measured values of oER and on 
FUSION INCOMPLETE FUSION (MASSIVE TRANSFER)
Today our view of heavy-ion fusion react:$ons is even more complex bekause of several develop- Fig. 1 . Schematic illustration of cross secti.on as a function of angular momentum for various .merits. First, as was pointed out above, two difkypes'of heavy-ion reactions. For description, ferent mechanisms may contribute to observed see text:
the angular momentum dependence of incomplete fusion. Finally, in Section 5 we will once again consider the deexcitation of compound nuclei, this time with reference to the greatly enhanced a emission predicted by ~l a n n~,~ on the basis of the rotating liquid-drop, RLD, model. 1
. CHARACTERIZATION OF HEAVY-ION-INDUCED FISSION
PHENOMENA Until fairly recently, the characterization of heavy-ion-induced fission did not pose a problem. Early studies were carried out with relatively light heavy ions, such as C and Ne, and the fission products formed well-defined peaks in the . ' ., ouserved mass and kinetic energy distributions of reaction products. It was concluded from all indications that fission followed compound nucleus formation. It was pointed out in Ref. 2 that there are four observable conditions that may be used to characterize heavy-ion-induced fission. These are: (i) a distinct peak in the mass (or charge) yield distribution of prodhcts that is centered at symmetric mass divisions; (ii) an angular distribution that follows a l/sine functional form; (iii) fragment kinetic energies that can be understood in terms of Coulomb repulsion between elongated fragments at the scission point; and (iv) full momentum transfer from the projectile to the fissioning system.
An example.of a system which involves fission of compound nuclei produced in heavy-ion reactions is shown in Fig. 2 . In this case fission fragments from reactions between 175-MeV 20~e ions and lS0~d nuclei stand out well-isolated from other products in the raw E-AE array.8 The four conditions for heavy-ion-induced fission listed above are all satisfied for fissioning systems of this type.
In Fig. 3 the mass-energy distribution is shown for reaction products from 248-M~v 6 5~u bombardments of A U .~ The fissioning system and the projectile are considerably heavier in this case than in the previous one. Once again, a well-separated, distinct fission peak can be seen, and the four conditions for fission are presumably also satisfied. There are, however, some significant differences between this fission distribution and that shown in Fig. 2 . First, it is possible that the tail of the distribution of deeply inelastic products contributes to the fission peak in the Cu+Au case. (We shall examine possible consequences of such ~ontam~nation in the following section.) Second, the integrated fission cross section from the Cu+Au ,reaction is such that partid waves with 1 calculated values of Bf = 0 must contribute to the fission yield. Finally, the width of the fission mass-yield distribution in this case is broader than is expected on the basis of liquid-dropmodel calculations. 10
It has been pointed out that in cases such as the above Cu+Au reaction, it is necessary to distinguish between fusion-fission (FF) and compound nucleus fission (cNF).~'~ Thus, while it may be reasonable to attribute all of the observed fission yield to the fission of fused systems, it is very likely that only those impact parameters which are below the Bf = 0 limit can result in the formation of true compound nuclei in which all degrees of freedom are equilibrated prior to fission. This view of CNF as a special case of FF is an appealing concept. Unfortunately, experimentally it is difficult to distinguish between CNF and other FF processes, since in both cases the faur empirical conditions for fission discussed above are satisfied. Recently, several investigations have focused on the nature of FF when Bf = 0. These studies have concentrated on the width of fragment mass distributions as a pos-11-19 sible signature of a new reaction mechanism, and we shall examine some of the pertinent results below.
One of the first cases investigated was the 132~e+56~e reaction at 5.73 I4ev/u.l1 The charge distribution of reaction products is shown in Fig.   4 . The hatched area indicates the contribution from quasi-elastic events, and the remainder of Fig. 5 . It is clear that there is no difficulty in separating the fission component from other reaction products. The measured widths of the mass distributions were corrected for excitation energy effects; and it was concluded that the widths increase considerably with increasing angular momentum of the fissioning system.
In order to check the validity of the above conclusion, Gregoire et al,15 have examined the measured widths of fission mass distributions for a large number of systems. Their results are shown in Fig. 6 in the form of a reduced width parameter as a function of the difference between the critical angular momentum for FF, acrit, and the angular momentum at which the fission barrier is predicted to vanish. It can be seen that the reduced widths increase monotonically with increasing 'crit and that the rate of increase is greatest beyond Bf = 0. A slightly different conclusion can be drawn from The drop of 2/7 in the region of close contact is expected for orbital angular momentum dissipation in rolling conditions. The limiting L value corresponds to the disappearance of a pocket in the exit channel curve (dZv/dr2 = 0). This is a modified version of a figure from Ref. 18. potential energy surface. However, it is conceivable that in this case the system still proceeds to the same regions of the separation distance vs., neck radius space, along the shallow potential energy contours, as indicated. In such an eventuality, the time involved may once again be long enough to allow both the rotational and the mass degrees of freedom to equilibrate. In both cases,. the deeply inelastic collision path is indicated by a bouncing-off from the initial potential energy ridge.
If the conjectures discussed above are correct, then it is reasonable for the noncompound fission to be subject to the following conditions.18 First, there should be a pocket in the sudden interaction potential as a function of the separation distance (see Fig. 9 ). This condition defines a limiting value of the orbital angular momentum in the entrance channel. Second, it is necessary that there should be a range of ! L values between the a at which Bf = 0 and the critical ?
. , value calculated with the sudden approximation. These conditions define a region in the target mass vs. projectile mass diagram where noncompound nucleus. fission may be expected. This region is indicated in Fig. ' 11, which is taken from Ref. 18 . Experimental points are also shown in the figure and can be seen to be consistent with predictions. Fig. 11 . Combinations of projectile and target masses at which noncompound nucleus fission can be expected (hatched area). Below the hatched area, compound nucleus fission is predicted. Above the hatched area it is expected that no fissionlike events will be observed. An alternative explanation for the increasing widths of fission mass distributions with increasing angular momentum has recently been provided by ~a b e r .~~ In this work the deformation energy surfaces were calculated for 205~t, which is the system investigated experimentally by Lebrun et a1.13 Cranked Woods-Saxon potentials and the strutinsky prescription were used to obtain the potential energy surfaces shown in Fig. 12 . It can been seen that the valley descending to scissi,on becomes very broad in the mass asymmetry. direction as the angular momentum increases. It is thus concluded by Faber that the variation of the moment of inertia.with asymmetry could explain the increasing widths of the fission mass distributions with increasing angular momentum. It should be noted that this explanation is fully consistent with FF and does not require the postulation of a ."newt1 ,reactioq .mechanism. Fig. 13 for four of the systems that have been investigated. In the case of 32~+89~ a fission peak appears well-isolated from other reaction products. In this case the observed fission is certainly FF, and possibly CNF. In the other cases shown in Fig. 13 the fission peak is less distinct and merges with other reaction products. Mass distributions from Ref. 26 are shown in Fig. 14 . The mass distribution from the 32~+89~ reactions forms a sharp peak centered at symmetric mass divisions. The remarkable feature of this distribution is that it is much narrower than predicted on the basis of the liquiddrop-model calculations.1° It is seen in Fig. 14 that as the fissioning systems become lighter, the mass distributions broaden, and finally they no longer peak at symmetric mass divisions. This is qualitatively what is expected for systems that r,ange from one side of the Businaro-Gallone liquiddrip point to the other.
TARGET MASS
However, Oeschler et have, concluded on the basis of independence-hypothesis'arguments that the proximity.of the Businaro-Gallone lilhit is not likely to be the correct explanation. While'arguments are also presented in Ref. 26 against the possibility of increasing contamination of the fission distr'ibutions by deeply inelastic products, this appears to me to be the most likely explanation in view of the data presented in Fig. 13 .
Oeschler and ~reiesleben~ have combined the above findings with other measurements of widths of fission mass distributions and have concluded that the trend of the measured widths as a function of the fissility parameter is essentially orthogonal to the liquid-drop-model predictions of N i x . ' ' In concluding this section, it is fair i to say that, in view of the many open questions, the general area of FF and of associated fission mass distributions constitutes a potentiall$ fruitful field for futuye investigations.
FISSION OF THE COMPOUND NUCLEUS 153~b
In this section angular momentum effects 5n CNF will be illustrated with reference to the deexcitation of 153~b compound nuclei produced in the 20~e+133~s and 12~+141~r reactions. 28 The purpose of this study was to deduce the fission barrier for lS3~b and to check the predictions of the rotating liquid-drop model1 with respectr to the $tudy of angular momentum dependence by Beckerman and ~l a n n ,~~ who have analyzed heavy-ion-induced fission excitation functions for systems ranging from 62~i+35~1 to 141~r+35~1 and have reported fission-barrier values that range from 51 to 65 percent of the calculated liquid-drop values. Our system was chosen with some care, since it is necessary that all observed fission events can be attributed to CNF. Thus the fission peak must be well-separated from other reaction products. Furthermore, the system must not involve partial waves that approach the Bf = 0 limit. These two cpnstraints both point to fissioning systems in the medium-mass region (A % 150-180) formed with relatively light heavy ions.
Fission barriers can be extracted from heavyion-induced fission data by means of statistical model calculations. In order to do so reliably, ' it is necessary to measure excitation functions for both fission and the production of evaporation residues (ER). In addition, the calculations have to include the following : ( l ) spinLdependent level densities; (2) the possibility of multiple particle emission prior to fission; and (3) the variation of the fission barrier with angular momentum. All of these conditions have been met, and our systems constitute the only case in which both fission and ER cross sections, of and oER have been measured as a function of excitation energy for two different reactions that produce the same compound nucleus.
The statistical model analysis of the measured of and uER excitation functions was performed by means of the computer program ORNL ALICE, 30y31 which includes all the features listed above. Only those partial waves were considered that contribute to the sum of of and aEE, i.e., to the measured compound nucleus cross section. The yrast line and angular momentum dependence of the fission barrier were given by the RLD model.' Fits were made with two variable parameters. The first, af/av, is the ratio of the level density parameter for fission to that for particle emission, The second parameter, k, is a scaling factor defined tions from the l2C+l4'pr and the 20~e+133~s systems both lead to the same values of the parameters, a /a and Bf. Since the difference,in fis-, f v sility between the two systems is due to the larger angular momenta involved in the Ne+Cs case, we can conclude that the variation of Bf with angular momentum is adequately described by the RLD model. This supports the view that the RLD model description of nuclear deformatbns as a function of angular momentum is also reasonable.
Our Bf value of 28.5 HeV for lS3Tb (83% of the liquid-drop value) is in marked contrast to Bf = 16.4 MeV (57% of the liquid-drop value) deduced in Ref. 29 for the neighboring nucleus l5'~o. Several factors contribute to the discrepancy between our results and those obtained,by Beckerman and ~l a n n .~~ First, in at least three cases considered in Ref. 29 (35~1+62~i., 20~e+ lo7~g, and 40~r+109~g), there is no doubt that deeply inelastic events contribute to the apparent fission cross sections. For example, our 20~e+ lo7Ag data32 quoted in Ref. 29 were difficult to decompose, as can be seen from Fig. 17 , which shows the charge distributions obtained for this system by Babinet et Second, the value of Bf extracted from the excitation functions depends primarily on the slope of these functions at the lowest energies. In this work the lowest of values are in the region of 0.03 mb, while the lowest a results for 55~l+i16Sn and 35~1+141~r are' only f about 20 In addition, we cover a range of 30 MeV in excitation energy, in contrast to a range of only 15 MeV in the 3 5~1 cases above.
The Bf value of 28.5 f 1. 
CHARACTERIZATION OF EVAPORATION RESIDUES
In the previous two sections we have concentrated on fusion-fission phenomena. In this section and in the following one we shall consider angular momentum aspects of fusion reactions that lead to evaporation residues. As in the fission case, our view of reactions leading to ER has been undergoing changes recently. Thus, it has become apparent that in many experiments products which at first appeared to be ER resulting from the deexcitation of compound nuclei turned out to be residues from incomplete fusion. This appeared to be one of the main themes at the recent Bad Honnef workshop on heavy-ion fusion reactions.' We will illustrate this point with references to the 160+40~a reaction. 38 '39 Interest in the 160+40~a reaction has been considerable for two reasons. First, it was found that as the bombarding energy was increased from 63 to 214 MeV, the cross section of ER appeared to remain near 1200 mb.38 At the highest energy of 214 MeV, the measured uER was in apparent dis- agreement with predictions of the rotating liquiddrop model,' based on the consideration that fission should compete when the fission barrier becomes similar to the particle binding energy -(about 10 MeV). This is illustrated in Fig. 18 , which is taken from Ref. 38 . It is clear thatiif uER were to rkmain at 1200 mb at an even higher bombarding energy, then the RLD model limit given by Bf = 0 would be exceeded. The second reason for interest in this system was provided by TDHF calculations which predict that at fairly high energies, the lowest partial waves do not lead to fusion. Consequently, an attempt was made to measure oER for 16~+40~a at 312 M~v .~~ The method used for the above measurement was similar to that of Ref. 38 . ER were measured at several angles by means of E-AE telescopes. Unfortunately, it was found that there was not a clean separation between ER and other reactions products, such as the heavy partners of deeply inelastic collisions. This was also the case in the 214-MeV case of Ref. 38 , although to a lesser extent. In addition, the angular distribution of apparent ER at 312 MeV was found to be very broad and inconsistent with evaporation theories. In Ref. 38 a similar problem can again be found in the 214-MeV case. This is shown in Fig. 19 . It can be seen that at 214 MeV the angular distribution extends to very backward angles and that it even exhibits a shoulder which may be the result of the presence of two distinct processes. We were forced to conclude that the operational definition of Ref. 38 for observed ER has broken down, at least at 312 and 214 MeV, and that the extracted values for uER had little meaning. This conclusion was corroborated recently by Gonthier et who studied the similar reaction of 160+~i at 310 MeV. Since in this case a coincidence experiment was performed, it was possible to conclude that a considerable fraction of the ER were accompanied by the prompt emission of energetic light particles and thus did not originate from the deexcitation of a true compound nucleus.
Incomplete-fusion reactions, which played a role in the above example, provide an interesting field of study in themselves, particularly since there appears to be a correlation between the nature of the incomplete fusion and the angular momentum transfer involved. Siwek-Wilczynska et have proposed a generalized concept of critical angular momentum to describe incomplete fusion. In this picture, complete fusion takes place.for the lowest partial waves involved in the reaction. For incomplete fusion, lower !t waves are associated with heavier captured mass, and higher !t waves are associated with lighter captured mass. Thus in the case of + 160 bombardment, for-example, the region of partial waves associated wi,th the'capture of 12c lies just ibove the critical !t value for complete fusion. The next highest region of partial waves is associated.with the capture of 8~e , and so on.
The most conclusive evidence for the above point of view has been provided by Geoffroy et in an experiment in which charged-particle (Fig. 20.c) , it is possible to deduce the average entrance-channel orbital angular momentum, <P,>, on the assumption that the angular momentum of the initial system is divided between the projectile fragments in proportion to their masses. The values of <Q> were found to be 52, 60, and 74 for reactions involving the 4
capture of "C, 8~e and He, respectively. This , result is shown in Fig. 20 . 
ANGULAR MOMENTUM EFFECTS IN THE DECAY OF DEFORMED AND SUPERDEFORMED NUCLEI
In this secti,on we turn to problems of angular momentum effects associated with the decay of equilibrated compound nuclei. We shall restrict our attention to the case of possible a-decay amplification in superdeformed nuclei. 6'7 The roots of this work lie in the rotating liquid-drop model,' which predicts the existence of superdeformed shapes at high angular momenta. In Ref.
l shapes of rotating ground-state configurations Figr 21. Quilibrium ground and saddle-point shapes for several values of angular momentum for a nuclkus near "'Tb.
The axis of rotation is indicated, as well as the shape for the Itground statesv1 (H gr BK). The higher deformation in each case represents the saddle-point shape (PP). Rotational parameter y and fissility parameter X are defined in the text. The superdeformed Itground-state" shape is indicated by BK. From Ref.
1.
were calculated, as well as those of rotating nuclei at the saddle point. These are illustrated in Fig. 21 for several values of the rotational parameter y and for X = 0.6, where X is the fissility parameter. (y is defined as the ratio of the rotational energy of a sphere'to its surface energy, and X is defined as the ratio of the Coulomb energy of a sphere to twice its surface energy. The value of X = 0.6 corresponds approximately to the region of rare-earth nuclei.) For a nonrotating nucleus (y = O), the liquid-drop ground state is spherical. As the angular momentum is increased, the nucleus is predicted to rotate about its axis of symmetry and to take on an oblate shape (see Fig. 21 ). With further increase in angular momentum, a critical angular momentum, yIJ is reached beyond which the rotating nucleus is predicted to assume a superdeformed prolate shape and to rotate about an axis which is perpendicular to its axis of symmetry. Such a superdeformed shape is illustrated for y = 0.09 in Fig.  21 . If the angular momentum is increased still Fig. 22 . Regions of stability in the RLD model X-y space. X is the fissility parameter icharacteristic of the A and Z of the nuclide of interest), and y is the rotational parameter (related to the angular momentum). For y < y I oblate shapes are predicted; for yI < y < yII prolate shapes are predicted, and for y > yII no stable shapes are predicted to exist. From Ref. further, rotating ground and saddle-point shapes become identical at a second critical value of angular momentum yII. This is the point at which B is predicted to vanish. Values of yI and yII f are shown as a function of the fissility parameter in Fig. 22 . It can be seen that for X values below X % 0.6 there is a considerable range of y values for which superdeformed nuclei are predicted (the region between the yI And yII curves).
~l a n n~'~ has investigated in detail the consequences of the existence of superdeformed nuclei on the nuclear deexcitation process. He has used deformations based ,on the RLD' model to generate transmission coefficients as a function of the compound nucleus angular momentum. These were then incorporated into a Hauser-Feshbach calculation in which fission competition was included. The results are illustrated below with reference to the 149~b compound nucleus. The radii and potentials appropriate to this case are shown as a function of angular momentum in Fig. 23 . They are expressed as a ratio of the corresponding values for a spherical nucleus. It can be seen that there is little deviation in these quantities from spher- that the superdeformed shape exists, and both quantities change rapidly with increasing angular momentum. The results of the Hauser-Feshbach calculations for this case are shown in Fig. 24 in terms of calculated branching ratios for the various deexcitation channels. It can be seen that while fission is expected to dominate the decay process for a > 70 if transmission coefficients for spherical nuclei are used, a emission dorninates in the case of transmission coefficients appropriate to the deformed nuclei. The effect is so large that the term "a-decay amplification" 6 may not be unreasonable.
Blann points out that his conclusions are consistent with a number of experimental results that were previously explained on the basis of nonequilibrium a emi~sion.~ It should be remembered, however, that the a-decay amplification is the result of emission from very elongated shapes. The shapes of the dinuclear system as it evolves from the collision configuration to the compound nucleus are also very elongated. Thus, it 
